Online communities dedicated to the creation of fanworks (e.g., fiction or art inspired by media such as books or television shows) often serve as communities of practice for learning communication, artistic, and technical skills. In studying one successful fan fiction archive that was designed and built entirely by (predominantly women) fans, we observed processes of legitimate peripheral participation (LPP) in which some of these fans began in peripheral roles and came to be more involved in the technical aspects of the archive over time. In addition to outlining positive outcomes, we discuss the challenges of supporting learning within this CoP, particularly with respect to the burden on experts. We discuss potential implications and solutions for the problem of expert scarcity in CoPs, and propose that LPP within fan communities can be leveraged for broadening participation in computing among women.
INTRODUCTION
How are we going to get enough people to not just build this thing, but maintain it… We're going to have to grow our own. -Naomi (participant interview)
Could a community of people, finding that existing technology is not meeting their needs, unite to build their own system from scratch? This would be a resourceintensive process in both time and expertise. The endeavor would be even more surprising if the group of userdevelopers were members of a group typically underrepresented in the computing field, and more surprising still if many of these developers began as completely novice programmers. Yet this is what happened in the creation of Archive of Our Own (AO3), a successful fan fiction archive. This community of fan creators really did "grow their own"-not only their own software, but also their own developer base, and thus had success both in designing an online community for fan creators and in creating a community for peer-facilitated computational learning. In this paper, we discuss both the successes and challenges of this unusual case study of peer learning.
Fandom communities come together over a shared love of media such as books or television shows, and have long been recognized as spaces for informal learning [6, 22] . In the act of creating fanworks (fiction, video, art, and webpages inspired by and dedicated to the things they love, from Harry Potter to Star Wars and everything in between) these fans often learn complex technical and communication skills. This learning takes place inside affinity spaces [5] or communities of practice [43] , where community members share a passion for fan creation and improve their skills through interaction with one another.
Communities of practice (CoP) exhibit three inter-related characteristics: (1) participants are mutually engaged, i.e. they work together within relationships that entail assistance of one another (e.g., mentoring); (2) they share a joint enterprise, a sense of common purpose or product that they work together toward; and (3) they co-develop a shared repertoire of resources, including common domain knowledge (e.g. of the Harry Potter universe, of storytelling techniques, or of HTML) [43] . One process by which newcomers learn to become productive members of these communities of practice is called legitimate peripheral participation (LPP) [28] . Recognized in prior work as a valuable process for learning within many different kinds of online communities [1, 9, 27, 37] , LPP can enable learning within close-knit fandom CoPs as an important part of developing literacy and writing skills [5, 6, 10] .
In studying the design and use of AO3 as an example of one such community, we observed LPP in action. We also saw how the AO3 CoP enabled some of its members to learn computational skills, a proficiency not traditionally associated with fan fiction. AO3, which boasts over 1 million users and 2 million fan-created works, was designed and developed by a group of mostly women to support the values and needs of their community [16, 21] . Within an environment that prioritized training community members to do technical work over bringing in outsiders, fan volunteers had opportunities to learn new computational and design skills and to contribute to AO3, in part through processes of LPP within the structure of a CoP.
In order to examine the mechanisms at work within AO3 from both a user and developer perspective, we conducted interviews with 28 members of the AO3 community. With an emphasis on what we learned from 11 participants directly involved with the design, development, and running of the archive, we discuss both the successes and challenges of this particular learning environment. In addition to showcasing the positive learning outcomes of LPP processes within AO3 development, our data also highlight an important challenge associated with LPP: the potential for overburdened experts and training bottlenecks when key knowledge within the CoP is concentrated within a few individuals.
The contributions of this work include: (1) a case study of LPP in action (where some fans began by working on less technical tasks) that could inform designing for learning within existing close-knit communities; (2) a conceptualization of a particular challenge associated with this learning environment, that of overburdened experts; and (3) proposals for potential solutions to this challenge that could apply to other CoPs. Finally, we also present AO3 as a successful example of organically sparking interest in computational learning among an underrepresented group, with suggestions for how fan communities might be further leveraged to broaden participation in computing among women.
BACKGROUND
Fan fiction is a prominent form of fanwork, consisting of written stories based on existing media properties. The history of fan fiction dates back to Sherlock Holmes and Jane Austen, but it found a large community starting with Star Trek decades ago and subsequently flourished online [21] . An excerpt from author Naomi Novik's testimony before Congress (on the topic of fair use) perfectly describes fanworks as well as the community that surrounds them [ Novik, an award-winning novelist, was also the lead developer in the early days of AO3, having written a blog post that sparked the idea for the site. It launched in 2008 after poor experiences with other online fan fiction platforms led to a rallying cry for an online space of their own [16, 19, 21] . Though AO3's code is open source (and anyone can submit patches, where a new feature or piece of code could be incorporated into the whole), nearly all of the design, development, and maintenance comes from fan volunteers who also participate in its story authoring community. Matching the demographics of fan creation communities generally [22] , the majority of these volunteers have been women, who are (at least in recent decades) underrepresented in computing fields generally [4] , and even more so within open source projects [36, 42] .
Beyond contributing to the design and writing the code, there are many other tasks that rely on volunteers and are essential to maintaining the archive. In addition to the core Accessibility, Design, and Technology (ADT) committee and a subcommittee of testers, a small army of "tag wranglers" serve an important function for AO3 by manually curating and connecting the complex user-created folksonomy that underlies the archive's search structure [16, 24] . Other volunteers serve on committees that handle, for example, abuse and support, legal matters, and external and internal communication, both for AO3 and for the broader non-profit that supports it, the Organization for Transformative Works (OTW). Though the core development team consists of approximately a dozen people at any given point, there are hundreds of volunteers that actively help run AO3.
Related Works
In a community of practice (CoP), a group is focused on a shared goal, task, or practice [43] -in the case of AO3, this practice is the design, building, and support of the archive and its surrounding community. Legitimate peripheral participation (LPP) is one process by which newcomers can become part of a CoP, a social, apprenticeship-based mechanism for supporting learning [28] . The "peripheral" part of LPP refers to how newcomers may initially participate in non-critical tasks (requiring minimal knowledge but allowing observation of expert practices and community structure) and then work their way toward more integral community involvement as they learn. It is a way of "learning by doing" and also learning by observing, in which the learning is situated within the social context of the practice. As a result, newcomers learn in part by directly observing experts' practices. As they do so, they become mutually engaged in the joint enterprise and develop mastery of the shared repertoire of the CoP. This movement from periphery to center, and from novice to expert, is called centripetal participation.
Online communities have long been considered potential spaces for CoP and LPP [23] . A number of researchers in this space have examined how newcomers become engaged in a community through processes of LPP [1, 9, 27, 37] or contexts in which LPP might improve community building [32, 35] . Wikipedia is one commonly cited example of LPP, with prior work showing how new wiki editors become more involved over time [9] (often moving from a content-centric perspective to a community-centric perspective) and even how reading can be a form of legitimate participation [1] . However, it is also important to consider how the success of LPP within these communities is shaped by other characteristics of CoP, including the distribution of critical domain knowledge within the community (i.e. how deeply it is part of the shared repertoire) and the extent to which community members actually engage in joint enterprises. These factors may shape how observable experts' practices are, and consequently, how successfully LPP processes permit centripetal participation (i.e., learning) by community members.
With respect to learning programming skills, researchers have used LPP as a framework for describing learning processes within open source communities [12, 14, 26] . In fact, the construction of positive social relations through LPP processes is predictive of sustained participation in an open source community; the authors of one study posited that these social relations are as important a creation as the software product [14] . This work suggests that some forms of mutual engagement (at least those based in a discourse of encouragement and mentorship) are more effective than others. However, prior work has also shown that open source projects sometimes have negative aspects to their cultures and social relations, particularly with respect to gender dynamics (at least partially to blame for the very low proportion of women in these communities) [36] .
Value differences are cited as one reason for lower participation of women in computing [4] . Even beyond occasional open misogyny in open source communities [36] , values of meritocracy and authority enforced by acrimony can keep women away [29] . Prior work has also shown that in open source communities, non-technical contributions are not as valued as technical ones [11] . Nafus notes that despite values of openness in open source that should attract women, this is often instantiated in ways that present troubling authorship norms and delegitimize certain types of social ties [36] . Instead, norms of politeness and low barriers to entry are more likely to retain women in open source projects [34] .
Computational learning is also an increasingly social activity, particularly in constructionist approaches to learning that include creation and sharing of artifacts [25] .
The creators of the Scratch community cite the influence of fandom scholar Henry Jenkins [22] as inspiration for thinking about remixing as a pathway to computational learning through LPP [17, 33] . Jenkins, among others, has presented fan creation activities as a powerful model of informal learning as well, particularly for literacy skills [6, 22] . Within the space of HCI and online communities, researchers have characterized fandoms as surprisingly close-knit communities with strong social norms [15, 20] , i.e., sites of mutual engagement.
Researchers have also explored how fandom's status as a networked affinity space affords it the opportunity for members to enjoy unique and diverse community-based mentored learning [5, 10] . Describing "distributed mentorship" among fan fiction writers, Campbell et al. introduced an informal, distributed, weakly tied form of mentorship that mirrors the feedback mechanisms traditional in fandom communities. They found that allowing the difficulties of mentorship to be shouldered by a wide array of temporary mentors with varying levels of expertise allows authors to receive valuable feedback without overburdening any single mentor [10] .
In her work describing English language learning through fan fiction communities, Rebecca Black describes fandom as an affinity space based on shared passion and interest, rather than a community of practice [5] . She notes that in affinity spaces, the role of "expert" and "novice" are variable and context-dependent. Halverson also argues against characterizing fandom as a community of practice, because learning trajectories are not hierarchical [18] . However, unlike fandom communities more generally, the development and maintenance of AO3's software infrastructure is more rooted in a specific task or practice with more clearly delineated levels of expertise (similar to other open source projects). The AO3 software development sub-community could therefore be seen as an open source CoP inside a fan fiction CoP inside broader affinity spaces (fan fiction culture overall, various fandoms, and even various web development communities). The context of the surrounding culture and existing values of fandom affinity spaces therefore has the opportunity to shape the learning culture taking place within the CoP.
In the current study, we use AO3 as a case study to unpack evidence of computational learning within AO3 as a CoP, show how LPP supported learning within this CoP, and how its LPP practices may present challenges to ongoing sustainability and scalability.
METHODS
In studying the design and use of AO3, we conducted semistructured, in-depth interviews [40] with 28 participants involved with the archive: 6 developers/designers, 5 staffers (2 on the communications team, 2 tag wranglers, 1 member of the OTW legal committee), and 17 users. We recruited these participants through (1) direct contact with the current AO3 development team (asking for participant volunteers as well as pointers to past developers, whom we also reached out to directly), and (2) a public recruitment post on Tumblr targeted at AO3 users. In recruiting we did not screen for any particular attitudes or types of experiences with respect to AO3. Our recruitment efforts were successful in part because of a level of trust within the community; the first author has been involved with the umbrella OTW organization (though not directly with AO3) for a number of years, and the second author identifies as a member of fandom communities.
We conducted interviews via phone/Skype (18), in person (2), or through online instant message (7) for those who did not feel comfortable with voice communication. Though we spoke to all participants about learning in fandom generally, our data about learning processes within AO3 come largely from the 11 interviews with those directly involved with the archive (6 developers/designers and 5 staffers). All of these 11 participants identified as women, which though unsurprising given typical gender representation within fan communities [22] , is in stark contrast to the open source world generally, which is typically less than 10% women [36, 42] . Demographics were not part of our recruitment efforts, though our participants told us that the core development team has always been nearly entirely women. All of our participants were adults (ranging 23-62), and the majority self-identified as white. Though most of our participants live in the United States, four of the six developers we interviewed are outside the U.S. (Canada, Australia, and Europe). With respect to this table and the labeled participant quotes in our analysis section, it is sometimes appropriate to use participants' real names (or chosen pseudonyms) in research publications, particularly when they are creators who deserve credit for their work [8] . We gave our participants this option. Names marked in Table 1 with a * are real names or pseudonyms they chose themselves; all others are anonymizations we created.
In addition to general questions about the design, development, and functioning of the archive and its teams of volunteers, we also asked participants when they started using AO3 and/or how they first came to be involved with the organization, what kinds of projects they worked on, and how learning took place. We also asked all participants about their experiences learning new skills through participation in fandom.
Two independent coders first conducted an inductive, openended thematic analysis, identifying emerging themes from our interview data [7] , then came together for discussion and synthesis. In addition to interviews, we also looked to related documentation, including public discussions about the archive's development from blog posts as well as the public code repository, bug reports, and feature requests, in order to supplement knowledge about processes at work within AO3.
Through our analysis process, an additional major theme emerged-the design of the archive as feminist HCI [16] but here we focus on another major theme, that of learning and of AO3 as a community of practice.
LPP PROCESSES IN AO3
Throughout our interviews with those who worked on the design and development of AO3, there was evidence of processes indicative of LPP, including movement from simple tasks to more complex ones (typically associated with a transition from newcomer to oldtimer), learning through observation, and help from the community. We also saw evidence of positive learning outcomes related to these experiences.
Newcomers to Oldtimers
Though there were core developers in the early days of the archive (described by one of our participants as "three women writing code in an apartment together"), most who have contributed to AO3's code came into the project later.
The most common story we heard from developers we interviewed (both their own, and relating the experiences of others) was of fans volunteering to help with the archive due to their passion for fan fiction or AO3's mission. become more involved as they observed how things worked and picked up technical skills.
I thought the archive was a great idea, I wanted it to become a reality, and I thought I would be able to help. I wanted to learn Ruby on Rails because I was interested in it but
For example, many AO3 volunteers who come in as tag wranglers do so because they are highly invested in a specific fandom (e.g., they spend their time "wrangling" Harry Potter stories because they love Harry Potter). They may then volunteer to wrangle more obscure fandoms simply because someone needs to do it and they are invested more generally in helping to maintain AO3. Then in some cases they will move from tag wrangling into other archive taskseven working on development. This is similar to how Wikipedia editors often start on content-centric tasks due to a specific interest but then move to more community-centric tasks [9] . One participant described tag wrangling and support duties on AO3 as "gateways" into more mission critical work on the archive. Testing can catalyze increased interest in developing computing skills [13] , and that appears to have occurred organically within AO3 as well. A number of developers started out by testing, and then moved to actually writing code, including one of our interview participants:
I expressed interest in joining as a testing volunteer. I was inducted as a tester, had a poke around, looked at the code out of interest, then was taught how to actually submit a fixas in, typos or similarly easy stuff. Then I was hanging out a lot in chat with the AO3 coders and testers… but eventually I was asked to join the committee staff.
-A (current dev team)
In situations like these in which new coders needed to be trained, they would be given easy tasks, and then build up to more difficult and critical tasks. Lucy, a former member of the development team, differentiated between tasks for "baby coders" (simple enough for a novice, and also more peripheral and self contained) and tasks for those with more experience who would work on code more directly related to critical archive functions. The first type of task would, with time and growing expertise, lead into the second. The learning that took place during this process of becoming more involved with the technical work on the archive was largely learning-by-doing, supplemented by formal training. In addition to current volunteers running small chat room "classes" online to teach programming skills, new coders would be grouped with experienced ones to learn "on the job." A few of our interview participants described this as "sharing" knowledge. -Kirsten (user)
If you wanted to be a volunteer to help them
The atmosphere described here is a contrast to some descriptions of open source communities where decisionmaking is often acrimonious [36] . However, with respect to AO3, the two types of authorship on the site (fan fiction and code) are related in an existing underlying value system of supportive mentorship. Therefore, novice learning may be easier within AO3 development than in other open source projects-because the CoP borrows from trust established from the surrounding community, and therefore participants feel comfortable reaching out for help in a way that they might not in a more acrimonious environment.
Impacts of Learning Beyond AO3
Every AO3 developer interviewed had either a story of their own, or about someone else, wherein the skills that they learned helped them outside of the archive or even on the job market. For example, working on AO3 gave Maia project management experience that she leveraged in her career. Another coder who started out working on the archive as a class internship learned enough programming skills to get a job after university. Even when programming was not directly related to their careers, volunteers suggested that their work on the archive had a positive impact:
Having worked kind of on the back end of [AO3] some, I really understand how to utilize a lot of the features that I think even some of the more seasoned just regular users don't totally understand. Having that knowledge on the back end kind of helps me. -Kimberly
It was clear from our interviews that the community aspect of learning was essential. For learners, the "we're all in this together!" atmosphere of sharing and helping made them feel like important, contributing members of a project and community that they cared about. Even archive users who have not contributed directly to its development or maintenance expressed a feeling of belonging and ownership in the project-another example of Antin's finding on Wikipedia that readers are not free-riders, but instead important participants in a community [1] .
A common theme from our participants when talking about learning new skills (technical or otherwise) was that it arose out of necessity, so that they could do the things they loved. One mentioned a huge amount of historical research she'd done to write a particular fan fiction. Another told us about becoming a Final Cut Pro wiz because she wanted to make fanvids. Another credited her participation in fandom as impetus for her to learn Python even though the learning itself did not take place within the community:
I taught myself a lot of Python because I wanted to program a stupid little program that would like list different characters and give me like a random pairing. So I pretty much taught myself to program just for that. Because fandom was there, it gave me incentive.-Tara (user)
In fact, more than half of our interview participants mentioned that they learned or improved their HTML or other web design skills because of their participation in fandom (often to format fan fiction for posting online). One participant, who ran a Harry Potter fan fiction archive in the early 2000s, credited work on that site for the success of many volunteers in their later careers. Overall, within both AO3 and fandom communities generally, the culture of both building up people and building up the archive was described as empowering:
We've had some amazing people come through Fiction

The ethos was very much on empowering fans. Partly by bringing together people who had those skills already, and there were lots of those people. And partly by passing on those skills. So we were building the community's skills as well as building the archive itself. -Lucy
CHALLENGES OF LPP
Despite the positive outcomes, these same processes of community-based learning are not without their challenges. In particular, though it seems to have been universally positive for learners, this CoP can place a burden on experienced coders. One problem was that the most experienced coders were perpetually in short supply. It was a priority from the beginning of AO3 that the site be built for fans by fans, truly an archive of their own [16] . Though this culture of "growing our own" was positive in many ways, including building up a sense of community and safety that can be especially important in fan spaces [21] , it also meant that the most experienced coders could be overburdened with the combination of coding workload and helping to guide novices, sometimes leading to burnout. Two of the former developers we spoke to cited this reason for why they left the team, despite their positive feelings about the archive and community. The same "chat room presence" that learners cited as so helpful also could feel overly demanding to experienced members of the team.
It was constantly like, "Can you hang out in the coder campfire chat room?" I had a full-time job, which at the time was going through a particularly stressful phase… A big part of why I walked away was that I was being asked to prioritize the needs of the novice coders over my own time. -Michele (former dev team)
A lot of [teaching new coders] was about providing structure. But it was also about being in the chat room and being in the tester chat room and saying, "Right. Thank you everyone for being here at this bizarre hour. Don't worry. I'm not sleeping either." -Maia
Therefore, though LPP processes were successful from the learners' point of view, the lack of formal infrastructure around training presented challenges, despite the best intentions from the community oldtimers.
We also had developers who also had a deep well of kindness, and were available to be kind to people, and teach them, and help them where they could, and keep that rolling.
But I don't think we ever focused enough on support mechanisms and creating an environment where there was an instructive way to learn enough to really sustain that. -Maia
The current developers we interviewed recognized this problem as well. The difficulty in training up new coders resulted in a persistent lack of experts. As a result, much of the effort of the development team is spent on maintenance ("fixing things that break," as one participant put it) rather than new development. Another member of the current development team told us that an ideal solution would be to hire a fan who is also a professional programmer, in order to free up the main team for working on new features. In other words, they see this as a potential solution to the technical debt [41] that has built up over time due to increasing code complexity. Many of the users we interviewed commented that the archive must take a lot of work to run, but did not have any conception of the challenges they face.
DISCUSSION
Other researchers have examined open source projects as CoPs with learning taking place through LPP [12, 14, 26 ]. AO3's software development CoP presents an example of LPP around learning programming skills that is different from these in several ways: (1) it is predominantly women, in contrast to most open source projects; (2) much of the learning taking place is with completely novice coders (as opposed to programmers with some skills learning more); and (3) it is situated within a larger community of interest where other types of learning are also taking place.
This last point, that this is a community where the software development exists within a larger community, is also a contrast to open source, where the community comes together around that particular project. Though some software projects might develop their own culture, AO3 began with the culture/community first and in fact designed the system around the community's existing values and needs (as well as creating a sub-community to perform the building that instantiates those same values) [16] . This community orientation presents both the greatest advantages and the greatest challenges to LPP. On the one hand, the ethos of sharing, helping, and learning-from-others comes in part from the existing ties that learners have to this community in which they are heavily invested. It also maintains the sense of the archive being their own, something that was extremely important to the genesis of the project. On the other hand, the decision to keep development within the existing community has contributed to a bottleneck in training and burden on experts.
Though researchers have used LPP as a framework to understand the success of online communities, it is also important to consider the ways in which communities enacting LPP can struggle or fail, and how those struggles relate to relationships between LPP and other organizational structures and processes. In considering how what we learned from AO3 might apply to other learning 1 https://archiveofourown.org/admin_posts/366; https://archiveofourown.org/admin_posts/4385 communities, we present a conceptualization of the overburdened expert challenge, as well as a set of design implications that could better support this kind of LPP. However, also taking into account the successful components of LPP within AO3, we end with lessons and implications for broadening participation in computing.
Conceptualizing the Bottleneck
Developer scarcity as a problem is not unique to AO3, and open source projects often consider the "truck factor" as how many developers would have to be hit by a truck in order for the project to be incapacitated [2] . However, the bottleneck within AO3 is one specifically related to learning, in that there are not enough experts to support novice learners that exist at a level not common in open source, and the learning processes within AO3 were unable to close this expertise gap. Therefore, not only is the potentially low "truck factor" a problem, but also the potential for continued burnout of experts caused in part by mentorship burden.
In contrast to the work environments studied by Lave and Wenger [28] , the voluntary nature of AO3 (and open source generally) adds this new challenge-peer production communities tend to have a higher rate of dropouts (hence, the truck factor). In Lave and Wenger's case studies, novices have opportunities to observe work, and experts facilitate their understanding of it-but the experts' primary role remains enacting the core domain work of organization. However, in our data, experts reported that mentoring could distract from doing that core work. This is similar to Luther's studies of online creative collaboration, detailing the burden often placed on the leaders of volunteer creative projects [30] . He suggests distributed project leadership as a solution to overburdening, where more team members take on responsibilities. Similarly, LPP ideally supports a gradient centripetal pathway from less expert to more, so that responsibilities are not all concentrated at the top. This progressive development is what sustains the CoP even as experts depart.
In peer production projects, individuals self-select for the tasks for which they will be the best contributor [3] . In LPP, much of what determines which tasks one might be best suited for is that level of expertise. However, as learning takes place it is important to consider not just someone's current level but also what will help them reach the next level of expertise. Vygotskian theory suggests that one should select tasks within their zone of proximal development, which represents the distance between actual ability and potential ability in interaction with more capable peers [44] .
In theory, the knowledge gradient is a resource for reducing the burden on experts, because novices' peripheral work does not always require the supervision of experts, only near peers who can provide feedback and guidance. These near peers can have ample capacity to extend each others' zones of proximal development, even while they are not yet experts. They do have enough expertise to contribute that could advance the novice's development; therefore, full experts aren't necessary to support learning.
Therefore, in the case of AO3 a core cause of the bottleneck could be insufficient interaction with near peers. Our participants told us about the tutoring of beginners, but not as much about beginners learning from slightly-lessbeginner peers. Beginners may also have had insufficient opportunity to observe more advanced practice, from near peers or experts. This would limit the extent to which the technical repertoire of expert AO3 coders becomes a shared repertoire within the CoP, and increase the extent to which time-consuming additional teaching activities were necessary.
Solutions for Easing the Burden on Experts
Having identified some challenges that AO3 faces within their CoP, one implication to this work is to consider solutions. How could communities like AO3 support learning in a way that is not overly burdensome to experts, and what might these challenges also suggest for supporting learning in other online communities? Based on what we learned from both the successes and challenges of AO3, we propose four design implications that could also apply to LPP more broadly: (1) providing mechanisms for indirectly observing contextual expert practice; (2) focusing on intermediate retention and supporting gradient skills matching; (3) supporting community identity construction along with skills learning; and (4) leveraging communities with similar value structures to create inter-communities of practice.
The scarcity problem with AO3 developers is in contrast to the distributed mentorship network of fan fiction writers described by Campbell et al. [10] , and that was present in the overall AO3 writing community. Some of the aspects of distributed mentorship that they describe are based on the public and persistent nature of feedback and mentorship. These concepts, very different from the chat room atmosphere described by some of our participants, could provide a starting place for how to help create more structured training. Simply having expert work take place in a persistent and novice-observable manner could support learning while imposing minimal burden on experts.
Creating mechanisms for novice observation of expert practice might simultaneously improve novices' learning and reduce the burden on experts. For example, in large open source projects, mailing lists can serve this purpose, as experts discussions about the merits of different approaches to problem solving (such as about which of several proposed patches to accept).
Supporting the gradient skills pathway is also important, and one method might be to pay special attention to avoiding intermediate attrition-that is, finding ways to retain those with intermediate skills who will be the near peers to novices. It will be important to consider whether there are appropriate development tasks available for each of these gradient levels, and for matching slightly more advanced AO3 programmers with novices who could learn from them. Other open source projects will sometimes mark open tasks with levels of difficulty, but in AO3 task assignment as described by our participants is done in a more ad hoc way. Building scaffolding for task selection into the system, perhaps similar to Luther's suggestions for scaffolding task distribution in collaboration [30] , could help support a gradient skill distribution.
In addition to better infrastructure to support retention, another solution might be to recruit more experts (or even more at intermediate levels who could serve as near-peers).
One participant suggested recruiting outside developers, despite their lack of ties to the community. It is worth considering, then, whether there could be LPP processes around learning to be part of the community, rather than learning to code. Learning structures within fandom generally do not tend to be hierarchical [18] , and unlike accounts of some open source communities where nontechnical contributions are de-valued [11] , AO3 emphasizes the value of non-development contributors such as tag wranglers. Therefore, though we see clear LPP processes within the technical stream of AO3 development, other types of learning occurring could also benefit the CoP as a whole. Just as Black notes that "expert" versus "novice" can be context-dependent in a fandom affinity space [5] , perhaps novice programmers could serve as expert fans to help teach norms and values of the community to outsider, expert programmers. Within AO3, the identity construction component of LPP that is often highly important (such as in open source communities [14] ) is largely moot since even newcomers already identify strongly with the broader fandom community. But given how closely tied the technical architecture of AO3 is to the values of the community [16] , working on archive development in collaboration with fans has the potential to result in this type of identity construction.
In easing the expertise bottleneck, beyond (1) retaining and training more experts from within the community, and (2) bringing in more experts from outside the community, a final option might be (3) connecting to experts in neighboring communities. AO3 is unusual though not entirely unique among software projects, and so there could be opportunity to create an even broader CoP around developers in online communities that share similar values. For example, the blogging community Dreamwidth is a volunteer-run open source project with a large number of women developers and a significant fandom user base [32] . Could these sites with shared values form networks for peer production that are orthogonal to their core purposes but that leverage their commonalities of mutual engagement? Members of AO3, Dreamwidth, and similar communities may actually have much in common in terms of norms for constructive interaction, even though their shared repertoires diverge. These overlaps could create contexts for alliance across sites, 
Implications for Broadening Participation
Another implication of this work is to consider how the successful aspects of LPP within AO3 could be leveraged in other contexts. Broadening participation in computing among women is an area of interest within the computing research community, and AO3 provides a unique example not only of a system designed and built mostly by women but also of one way that women have learned computing skills. Prior work has shown that context can be important for engaging women in computer science, particularly with respect to finding personally meaningful projects [31] . Fandom communities have long been a pathway for learning technical skills-traditionally things like HTML, web design, and video editing. Our work shows that this same interest in fandom could potentially be leveraged to spark interest in and teach programming as well.
In analyzing AO3 both in terms of online community design and as an environment for learning, the importance of "growing their own" cannot be overstated. Even beyond the context of fan fiction, something else that makes AO3 unique is that it is a system designed by and for the community that it serves. Though increasing community identification is traditionally part of the LPP process, in this case the inherent strong sense of community identity (and shared values) contributed both to the success of the site and to the positive learning environment. Therefore, another pathway into successful community-based computational learning could be to encourage communities to create their own technologies. For example, the website Ravelry, an online community for knitters, was designed by a knitter to meet the needs of that community (though was built by a non-knitter developer) [38] .
Within open source communities, building something that you need is often called "scratching an itch" [39] . The difference here is that when software developers decide they need a new piece of software, they already have the skills required to build it. This process becomes more challenging when the group who needs something are under-represented in computing and therefore may lack an existing expert development base.
AO3 did have an advantage in that there were a few very dedicated, very talented programmers who spearheaded the process and therefore served as experts to usher in novices with mentoring and training. However, with the right infrastructure (as emphasized above), "seeding" community development projects with invested experts could also create the right kind of learning environment. Moreover, they could also potentially be supported by the inter-communities of practice that we described.
CONCLUSION
We have presented AO3 both as an interesting case study of legitimate peripheral participation within a software development community, and as an organic example of sparking an interest in computational learning among women. In contrast to other open source projects, AO3's software development CoP exists within a larger community (fandom) that came with a highly ingrained value system. This community orientation presented both the greatest advantages and the greatest challenges to LPP. Existing ties to the community led to an ethos of sharing, helping, and learning-from-others that worked well for learners, and also maintained the sense of the archive being their own, which learners described as empowering. However, the decision to keep development within the existing community also contributed to a bottleneck in training and a burden on experts.
The difficulty that AO3 has faced in maintaining an expert coder base suggests an important challenge associated with LPP-the potential for a self-perpetuating cycle of overburdened experts. This potential pitfall should be a consideration in designing for community-based learning, where more purposeful infrastructure for training could potentially be informed by concepts of distributed mentorship [10] that have been successful elsewhere in fandom communities. We also suggest that lessons learned from AO3's success could be deliberately leveraged to provide a meaningful context for developing technical skill for members of groups traditionally under-represented in the computing field, as well as serve as a model for community groups seeking to develop software to better meet their own needs. 
